Objectives: Sympathetic drive, especially to the heart, is elevated in heart failure and is strongly associated with poor outcome. The mechanisms causing the increased sympathetic drive to the heart remain poorly understood. Catheter-based renal denervation (RDN), which reduces blood pressure (BP) and sympathetic drive in hypertensive patients, is a potential treatment in heart failure. The aim of this study was to investigate the short-term effects of catheter-based RDN on BP, heart rate (HR) and cardiac sympathetic nerve activity (CSNA) and on baroreflex function in a conscious, large animal model of heart failure.
Introduction
In heart failure (HF), the inability of the heart to perfuse organs triggers a complex set of compensatory mechanisms, including activation of the renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system (SNS) [1] . Sympathetic drive, particularly to the heart as measured by norepinephrine (NE) spillover [2] , has been linked to poor outcome [3] . Accordingly, the protective effects of inhibiting branches of RAAS and SNS have been well established in HF [4] [5] [6] [7] [8] . Mortality of these patients, however, remains high and, while the benefit of current treatments cannot be underestimated, pharmacotherapy is not without longterm side effects [9] .
The role of the sympathetic nerves in cardiovascular disease has gained renewed interest with the introduction of catheter-based renal denervation (RDN) as a treatment in patients with drug resistant hypertension [10, 11] . Destruction of the renal nerves would be expected to reduce blood pressure considering efferent renal nerves play a major role in renin release, renal vasoconstriction and sodium retention [12] . It is also plausible that increased afferent renal nerve activity may cause a reflex increase in sympathetic outflow and worsening hypertension [13] [14] [15] [16] [17] [18] . The possibility of targeting renal nerves to reduce RAAS and SNS activity with a catheter-based approach, therefore, has a lot of appeal as a potential treatment of HF [19] . Indeed, preliminary reports from the first-in-man safety trial in HF patients showed that RDN appeared safe and was associated with an increase in the 6 minute walk distance 6 months after RDN [20] . Importantly for the safety of the procedure, there were no significant reductions in blood pressure following RDN in the seven systolic HF patients [20] . A pilot study has shown that RDN reduces ventricular tachyarrhythmia in HF patients [21] and a larger, randomised controlled trial of renal denervation in HF is ongoing [22] .
Studies in experimental models of HF also indicate beneficial effects of RDN on cardiac function; for example, surgical RDN reduced left ventricular filling pressure and improved cardiac function following myocardial infarction in rats [23] [24] [25] and catheter ablation of renal nerves prior to pacing-induced HF reduced left ventricular filling pressure and the incidence of atrial and ventricular fibrillation in dogs [26, 27] . In HF rabbits, unilateral surgical RDN prevented the reduction in renal blood flow [28] and improved the reduced heart rate baroreflex sensitivity and decreased plasma NE levels, but did not improve cardiac function [29] . Bilateral RDN attenuated sodium retention following myocardial infarction in rats [30] and in dogs with HF [31] . One of the very few studies investigating RDN in established HF showed improved cardiac and renal function in rats when surgical renal denervation was performed 1 and 4 weeks post-myocardial infarction [25] .
Although these studies suggest that RDN has beneficial effects in HF, there are likely to be differences in the responses to surgical and catheter-based RDN, and depending whether RDN is performed pre-HF or in well established HF. The aim of this study was to investigate the short-term effects of bilateral RDN, using the Symplicity Flex system® and the same algorithm used in human patients, on directly recorded cardiac sympathetic nerve activity (CSNA) in pacing-induced ovine HF [32, 33] .
Methods

Surgical procedures.
Prior to experiments Merino ewes were individually housed and given free access to water and 800 g oaten chaff once a day. Anaesthesia was induced (5%) and maintained (1.5-2.0%) with isoflurane-O2/air mixture. In all surgeries, sheep were treated with intramuscular antibiotics (900 mg, procaine penicillin, Troy Laboratories, NSW) at surgery and 1 day post-operatively. Analgesia was maintained with intramuscular flunixin meglumine (1 mg/kg; Troy Laboratories) at surgery. in the cardiac sympathetic nerves [33] . Five days after implantation of electrodes, sheep were anesthetised and a 6F catheter was introduced into the femoral artery and heparin (3000 IU) administered. A Symplicity Flex catheter® (Medtronic Ardian Inc, CA, USA) was introduced into a renal artery under fluoroscopic guidance using radio-contrast and 5-7 two-minute radiofrequency ablations were delivered in a helical configuration along the renal artery, starting as close to the kidney as anatomically possible. The catheter system (Medtronic Ardian Inc) monitored tip impedance and temperature and altered energy delivery in response to an algorithm used in humans [11] . The maximum power delivered during renal ablations was 7 ± 0 W, reaching maximum temperatures of 57 ± 5 °C and resulting in a -17 ± 1% change in impedance. Bilateral renal denervation was completed in all 6 sheep. In the sham group (n=6) a 6F catheter was inserted and the renal arteries were identified under fluoroscopic guidance, but the denervation catheter was not introduced. A similar amount of radio-contrast was administered in both sham and RDN sheep. The femoral artery puncture wound and skin were sutured and the sheep recovered from anaesthesia.
2.2 Measurement of CSNA and MAP. CSNA was recorded differentially between the pair of electrodes with the best signal-to-noise ratio [33] . The signal was amplified (x20,000) and filtered (band pass, 300 1,000 Hz), displayed on an oscilloscope, and passed through an audio amplifier and loud speaker. Sympathetic nerve activity (5,000 Hz) and arterial blood pressure (100 Hz) were recorded on computer using a CED Micro 1401 interface and Spike 2 software (Cambridge Electronic Design, Cambridge, UK). Data were analyzed on a beat-tobeat basis using custom-written routines in the Spike 2 program. Recordings were made for a 15 min resting period and this level, minus background noise, was defined as the 100% baseline level. Five minute recordings of CSNA (%baseline, bursts per 100 heart beats, bursts per minute), MAP and HR were made prior to baroreflex curve generation, described below, pre-and post-RDN or sham denervation.
2.3 Generation of baroreceptor reflex curves. Baroreceptor reflex curves were constructed from data collected during infusions of phenylephrine and sodium nitroprusside, infused in random order [33] . Briefly, phenylephrine and sodium nitroprusside (67 µg/mL in sterile saline) were infused I.V. at 30, 60, 120 and 300 mL/min for approximately one minute at each dose resulting in a slow, steady change in blood pressure. In order to construct baroreflex curves, SNA burst size, determined as the number of discriminated spikes between successive diastolic pressures minus background, was divided by heart period [33] . These data were sorted by diastolic blood pressure and averaged in groups of 10s. To allow data from individual animals to be grouped, spike counts were normalized by calculating the percent change in SNA from the mean activity recorded during the 15 min resting period, described above. Percent SNA was plotted against diastolic pressure and regression analysis performed (4-parameter sigmoid relationship; Sigmaplot, Systat Software Inc, San Jose, CA).
For generation of the HR baroreflex curve, data were sorted by systolic blood pressure [33] .
Experimental Protocol
Development of HF was assessed by weekly measurement of ejection fraction, using short axis M-wave echocardiography in conscious sheep lying on their right side [33] . Following placement of ventricular pacing leads, a basal measurement was made before the start of ventricular pacing, at approximately 200 beats/min. Sheep were considered to be in HF when ejection fraction had fallen to <40%. Echocardiography and all experiments were conducted with the pacing switched off.
At least three days after surgical implantation of cardiac sympathetic nerve electrodes, a 5-min control recording of resting CSNA and arterial pressure was made in conscious HF sheep. Following this, baroreflex curves were generated (described above). The day after control measurements were made, sheep underwent bilateral denervation or the sham procedure. Twenty-four hours after renal denervation, recordings of CSNA and BP were made and a further set of baroreflex curves were generated. Sheep were housed for 4.2 ± 0.5 weeks after sham or renal denervation and then euthanized with an intravenous overdose of pentobarbitone (100 mg/kg) and kidneys taken for NE analysis.
2.5 Plasma renin activity (PRA) assays. In a subset of HF sheep (sham, n=5; RDN, n=4), samples were taken for plasma renin activity analysis. Arterial blood (5 mL) was taken before the intrafascicular recording electrode surgery and 24 hours after RDN/sham denervation.
Samples were taken on ice into EDTA tubes, spun at 3000 rpm at 4°C and plasma removed and stored at -80°C for analysis and PRA was assayed as previously described [34] .
2.6 Renal norepinephrine content. Following euthanasia, the kidneys were rapidly removed and ~0.5g sections of cortex and medulla were snap frozen in liquid nitrogen. On the day of norepinephrine analysis, kidney samples were thawed and accurately weighed before being homogenized on ice in 0.5 ml of 0.4 M perchloric acid containing 0.01% EDTA using a glass-glass hand held homogenizer as previously described [35] . The homogenate was then rapidly centrifuged, and the supernatant was collected for subsequent neurochemical analysis.
Catecholamines were extracted from the perchloric acid supernatant, with alumina adsorption, separated by high-performance liquid chromatography, and the amounts were quantified by electrochemical detection according to previously described methods [35] .
Renal medullary and cortical NE levels were calculated for each animal by averaging samples from the right and left kidneys.
Statistical Analysis.
Statistical analysis was performed in Rcmdr [36, 37] . For cardiovascular variables, baroreflex parameters and PRA, the changes with RDN or sham denervation were calculated and the differences between groups compared using nonparametric Wilcoxon rank sum test. The renal norepinephrine content after RDN or sham denervation were compared using Wilcoxon rank sum test. Statistical significance was accepted when P < 0.05. Data are mean ± standard error of the mean (S.E.).
Results
Cardiovascular variables
Prior to RDN or sham denervation, CSNA (83 ± 5 and 91 ± 6 bursts/100 beats, respectively) and HR (90 ± 5 and 90 ± 7 bpm, respectively) were increased to levels similar to those previously reported in this model [33] . The levels of arterial pressure, HR and CSNA were similar in the treatment and sham groups before denervation. At 24 h after the procedure there were significantly larger decreases in MAP (P<0.05) and dBP (P<0.01) following RDN compared with sham denervation (Table 1, Figure 1) . Following RDN or sham denervation there was no significant difference between the groups in CSNA, measured as burst incidence (bursts/100 heart beats), burst frequency (bursts/min) or percent of control (Table 1, Figure   1 ). There was also no difference in HR between the groups after denervation.
Baroreflex changes
Prior to the denervation procedure the CSNA and HR arterial baroreflex curves were similar in the sham and RDN groups ( Figure 2 and Table 2 ). In these groups of sheep with HF, the HR arterial baroreflex curve was desensitised to a similar degree to that seen in our previous publication [33] . Due to differences in the normalisation of CSNA, baroreflex curves were not compared with previous studies.
Following RDN, there was a significant leftward-shift in the CSNA baroreflex curve as demonstrated by the significant decrease in the diastolic blood pressure at half the maximum CSNA (bp50) in the renal denervated compared with the sham denervated group (P<0.005; Table 2 ). Other variables of the arterial baroreflex control of CSNA, including the top and bottom plateaus, the range and the maximum slope were similar in both groups (Table 2, Figure 2 ). Renal denervation did not cause any significant changes in any variable of the HR arterial baroreflex curve compared with the sham denervated group (Table 2, Figure 2 ).
Plasma renin activity
In a subset of animals (n=5 sham denervation, n=4 denervation) PRA was measured before surgery and 24 hours after RDN/sham denervation. After renal denervation PRA decreased from 0.35 ± 0.11 to 0.29 ± 0.11 nmol/L/hr (difference of: -0.10 ± 0.04) whereas following sham denervation PRA increased from 0.40 ± 0.08 to 0.73 ± 0.09 nmol/L/hr (difference of: 0.32 ± 0.10). There was a significant difference between the change in PRA with RDN compared with sham denervation (P<0.05).
Renal Norepinephrine Content
Four weeks after RDN, NE in the cortex was 1.5 ± 0.4 pg/mg tissue and 1.3 ± 0.4 pg/mg tissue in the medulla (n=6; Figure 3 ). These levels were significantly lower than in the sham denervated group (n=6; cortex: 5.3 ± 0.6 pg/mg tissue; P<0.0001 and medulla 4.6 ± 0.7 pg/mg tissue; P<0.005).
Discussion
This study investigated the early changes in sympathetic control of the heart following bilateral renal denervation with the catheter-based Symplicity Flex denervation system in an ovine model of HF. Although RDN did not significantly reduce the resting level of CSNA, it inhibited the baroreflex mediated increase in CSNA in response to the fall in blood pressure following the procedure. This lack of an increase in CSNA resulted from a leftward shift of the CSNA arterial baroreflex curve, which was possibly due to reduced PRA.
Previous experimental studies have found that surgical RDN performed prior to the development of HF has a number of beneficial effects in HF, including improved autonomic balance and baroreflex function, lower incidence of atrial and ventricular fibrillation, reduced sodium retention and increased renal blood flow [23, 24, [26] [27] [28] [29] [30] [31] . In addition, improved renal and cardiac function was shown in a study in rats that underwent surgical RDN at 1 and 4 weeks post-myocardial infarction [25] . Although we found a leftward shift in the baroreflex control of CSNA following RDN in our ovine HF model, the effect was relatively minor and there was no significant decrease in the resting levels of CSNA. There are several possible explanations for our findings. The lack of a reduction in CSNA after RDN in our study could be due to (i) the fact that most previous studies have examined the effects of RDN before rather than after the development of HF as in the present study, (ii) the effect of RDN is predominantly or exclusively directed at the kidneys rather than the heart, or (iii) a reduction in CSNA may require more than 24 hours to take effect, if for example, changes occur after RDN via altered afferent signalling, altered processing within the central nervous system or indeed via vascular changes with loss of efferent outflow.
The mechanisms by which RDN may improve autonomic function in hypertension and HF are unclear, but denervation of renal afferents and reduced circulating levels of angiotensin II have been proposed as major factors. Although the role of the renal afferents has been studied in the development of hypertension [38, 39] , there have been few studies that have looked at their role in HF [40, 41] . This is surprising as the pathology of HF is associated with changes that would be expected to alter afferent renal nerve activity, including increased venous pressure, decreased renal perfusion pressure and blood flow, altered nitric oxide production and increased angiotensin II and endothelin levels [40] [41] [42] [43] [44] . In HF, the interaction of these factors with the afferent renal reflex may be more complex; for example, studies in anaesthetised rats indicate that the renal mechanosensory reflex is blunted in HF due to actions of high circulating levels of angiotensin II and endothelin-1 [40, 41] . The lack of a decrease in the resting level of CSNA following RDN in our ovine HF model seems to indicate that in this setting the renal afferents do not play a major role in maintaining the large increase in CSNA. However, as indicated above, it remains to be determined whether CSNA may be reduced at later time points after RDN than those investigated very shortly after the procedure in our study. Similarly, the situation may be different when HF is more
severe.
An additional benefit of RDN in HF is that the stimulatory effect of renal SNA on renin release will be removed thus reducing the increased circulating level of angiotensin, which will act to increase SNA. Decreases in plasma renin, Ang II and aldosterone levels have been reported in a small group of HF patients 24 hours after renal nerve blockade under local anaesthesia [45] . In line with these observations, in a subset of our animals we found that RDN caused a decrease in PRA despite a fall in BP, whereas an increase in PRA was observed in the sham group. Of note, the increase in PRA seen with sham denervation is not unexpected as previous studies in man have shown increases in PRA 24 hours after general anaesthesia and surgery [46] and radio-contrast administration [47] . Whether this small reduction in PRA, and thus circulating angiotensin II, following RDN is sufficient to account for the leftward shift of baroreflex control of CSNA is unclear, but we have reported similar changes after treatment with irbesartan in this model of HF [48] . Similarly in HF patients treated with enalaprilat, the decrease in blood pressure was not associated with an increase in muscle SNA, as opposed to the increase in muscle SNA seen in control patients [49] .
In our study we saw greater reductions in blood pressure (MAP and dBP) in HF animals after RDN compared with sham denervation. Although hypotension is a potential concern following RDN in HF patients, a recent small safety study demonstrated that BP did not change significantly [20] . A major difference between the sheep in this study and the HF patients in the pilot study was that all but one of the HF patients were on either ACEinhibitors or Ang II blockers prior to renal denervation [20] . The lack of any treatment in our sheep would have allowed expression of any hypotensive effect due to a fall in angiotensin levels, which would have been masked in drug treated patients. A significant strength of the current study is that RDN was performed without the confounding effects of concomitant drugs aimed at altering either the RAAS or the sympathetic nervous system.
A problem with catheter-based RDN is that there is currently no measure of the degree of denervation during the procedure. Using the single electrode Symplicity Flex system the placement of a series of lesions in a helical configuration along a 3-dimensional renal artery is difficult when seen in 2-dimensions on a screen. Despite these technical challenges, we observed significant reductions in renal NE levels approximately one month post-RDN in both the renal medulla and cortex indicating effective, albeit not complete, denervation.
Strengths and limitations
The strengths of this study were that denervation was carried out using the same catheter system and algorithm used in human patients in a large animal model of HF, without the confounding effects of treatment with antihypertensive drugs. Furthermore, all cardiovascular changes were measured in conscious animals standing quietly in their home cages, removing any effects of anaesthesia. Direct measurement of CSNA following RDN provides important insights into the effects that RDN may have in HF patients. Importantly, RDN was conducted once sheep were in established HF, the period where human patients would be treated. The limitations of this study were that we did not measure changes in cardiac function or morphology following renal denervation, as in this model of HF the degree of cardiac dysfunction is externally determined by the rate of cardiac pacing. In view of this we did not investigate the cardiovascular changes over several months following RDN; such studies need to be carried out in a myocardial infarction model of HF.
Conclusions
Our understanding of the detrimental effects of increased SNA in HF, and evidence that this is in part driven by neural afferent reflexes, suggested that RDN may reduce the elevated level of CSNA in HF. In the present study, catheter-based RDN in untreated sheep with pacing-induced HF caused a large reduction in renal NE tissue levels, indicating effective denervation. While RDN did not decrease the high resting level of CSNA, the reflex increase in CSNA in response to the reduction in MAP was abolished due to a leftward shift of the CSNA baroreflex curve. It is possible that the reduction in PRA may have contributed to this shift in the CSNA baroreflex curve since we have found a similar effect with treatment with an AT-1 receptor antagonist in HF [48] . Removal of the afferent renal reflex may also have contributed to this shift. These preclinical findings indicate that catheter-based RDN effectively denervates the renal nerves, but does not reduce the damaging high level of CSNA, at least not in the very short term. Further studies are required to determine the longterm effects of RDN on resting CSNA in HF. Data are means ± S.E. 
